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Abstract. A range of commercially produced TiO2 was deposited with Pd nanoparticles and the activities
of the anaerobic, ambient temperature photocatalytic hydrogen production from water-methanol mixture were
evaluated. The photocatalytic reactions were carried out in the liquid and gas phase conditions with the rate of
hydrogen evolutions were higher was when in the gas phase. The Pd/TiO2 catalysts were characterised using
XRD, N2 adsorption, infrared and XPS in order to investigate the influence of structural properties of TiO2 in
determining photocatalytic activity. A positive relationship was established in the rate of hydrogen production
from the gas and liquid phase conditions with the size of crystallite TiO2. Analysis of the surface properties of
TiO2 using XPS shows the presence of surface hydroxyl that also influenced the photocatalytic activity of TiO2.
Keywords. Photocatalysis; hydrogen production; methanol; alcohol reforming; titania-Pd catalysts.
1. Introduction
Hydrogen gas can be a useful energy carrier, and an
economy based on hydrogen as a fuel is a real possi-
bility for the future. Current production of hydrogen is
mostly from fossil fuels and fuel processing of methane
is the most common hydrogen production method in
industries.1 Generation of hydrogen from clean and sus-
tainable resources namely, water has received a great
deal of attention particularly to increase the efficiency
of the process and the viability for commercialization.
One of industrial application is using high-temperature
electrolysis for hydrogen that shows the advantage
of isolating hydrogen gas from water.2 Photocatalytic
water splitting also offers a sustainable route to produce
H2 from water and such a possibility was presaged by
the work of Fujishima and Honda.3 The most promis-
ing semiconductor that offers stability, high activity and
non-toxicity is TiO2 but the activity is restricted by the
3.2 eV band gap equivalent to a maximum wavelength
of ∼ 388 nm which means that only ∼ 5% of the light
arriving on the surface of the Earth is capable of ini-
tiating the reaction. A significant increase in research
*For correspondence
on developing novel semiconductors for photocatalytic
water splitting has occurred in recent times with the aim
of narrowing the band gap and utilizing a wider range
of photon energy within the solar spectrum.4–7 Doped-
TiO2 with either metal or non-metal dopant showed
improved activities than TiO2 with some of the new
materials shifting band gaps and increasing absorption
into the visible light region.8–10 Engineering of TiO2
structures to form Ti3+ core/Ti4+ shell enhanced the
photocatalytic activity of rutile TiO2 for hydrogen pro-
duction.11 The formation of nanostructured TiO2 hollow
sphere inhibits the recombination of the energy carriers
and increases the adsorption of the organic substrate
for the high photocatalytic performance of TiO2.12 The
interfacial charge transfer between TiO2 and co-catalyst
is important which can be influenced by the crystal face
of TiO2 and the degree of crystallinity of the interlayer.13
Another concern that needs to be addressed is the facile
nature of the back reaction between oxygen and hydro-
gen. Organic sacrificial agents can be added to capture
the highly active oxygen species produced, thus avoid-
ing such recombination.14 In a previous work, we have
studied the hydrogen gas production from palladium
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nanoparticles impregnated onto TiO2 and gained impor-
tant insights into the role of the Pd nanoparticles in the
system. Apart from improving the electron-hole separa-
tion, Pd also provides active sites for reaction.15,16 P25
TiO2 from Evonik is a standard semiconductor used for
this reaction, and it has been proposed that the activity
fundamentally relies on the synergistic effects occurring
between anatase and rutile phases.17,18 In the photocat-
alytic reaction, the charge migration to the surface is
crucially important to avoid bulk recombination and can
be improved by reducing the diameter of the particles; in
other words, the length of the electron needs to travel to
reach the surface. Once on the surface, the charges can
be trapped, involved in the photoreaction or recombined.
For most of the metal oxides such as TiO2, the surface
is covered with hydroxyl groups and it is believed these
groups can play a role in enhancing surface reaction by
trapping the photogenerated holes, producing OH• rad-
icals.19
In this study, we have investigated a range of TiO2
powders obtained commercially with a variation of
surface area and crystallite size in order to further under-
stand the properties that determine the activity of TiO2
to generate hydrogen from the photocatalytic reforma-
tion of methanol. After the deposition with palladium
nanoparticles and calcination at 500 ◦C, the catalysts
were characterized using XRD, infrared, N2 adsorption
and XPS analysis. The influence of reaction conditions
were also studied by carrying out the experiments in the
liquid and gas phase conditions.
2. Experimental
2.1 Materials and method
The TiO2 powders obtained from commercial provider used
were as follows; P25 was obtained from Evonik, which was
prepared via the flame synthesis method using TiCl4 as the Ti
source. HombifineN was obtained from Sachtleben Chemie
GmbH, Germany. TiO2 PC500 was obtained from Millenium
Inorganic Chemical S.A., an ultrafine powder with high sur-
face area and low sulphate content. NanoTiO2 was obtained
from UCL which was produced in a continuous hydrother-
mal flow synthesis (CHFS) reactor.20,21 The synthesis was
carried out was using Titanium (IV) bis(ammonium lac-
tato)dihydroxide as Ti precursor. Altair TiO2 powder was
purchased from Altair, which was produced by spray hydrol-
ysis of concentrated Ti followed by an annealing and milling
processes. The Ti was extracted from ilmenite ore in concen-
trated hydrochloric acid.22 This type of TiO2 is often used
as a pigment in paint. Pd was deposited on each titania via
an incipient wetness impregnation. 0.01 g of PdCl2 was dis-
solved in acidified water and the solution was added gradually
to 2 g titania and subsequently dried at 200 ◦C for 2 h and
then at 500 ◦C for 3 h. Samples were ground and sieved to an
aggregate size of less than 53 μm.
2.2 Photocatalytic reaction
Photocatalytic methanol reforming experiments were carried
out in both the liquid and the gas phase conditions under the
UV region (240–380 nm). In the liquid phase experiment, the
catalyst (0.2 g), methanol (100 μL, Aldrich 99.9%) and water
(deionised, 100 mL) were added directly to the reaction vessel
and stirred during the reaction. For the gas phase experiments,
the same mass of a catalyst (0.2 g) was pressed onto an area
of approximately 4 cm2 of a glass slide. The slide was placed
with the bottom of the catalyst area approximately 2 cm above
the water/methanol mixture. In both types of the experiment
the methanol/water mixture was purged with Ar for 30 min
to remove air and the flask illuminated by a 400 W Xe arc
lamp (Oriel model 66921). Gas samples were taken every
30 min and analysed by Varian 3900 GC using a 2 m MS
13X column. Control experiments were carried out with all
identical conditions, but in the absence of the catalyst. This
yielded no significant hydrogen evolution.
2.3 Characterisation of the catalysts
XRD patterns were obtained using an Enraf Nonus FR590
diffractometer fitted with a hemispherical analyzer, using
Cu K α radiation (λ = 1.54 Å). XPS spectra were obtained
using a Kratos Axis Ultra-DLD spectrometer system utilis-
ing a monochromatic Al k α source and at 40 and 160 eV
for high resolution and survey scans respectively. XPS data
was analyzed using CasaXPS v2.3.16 using sensitivity factors
supplied by the manufacturer.23 The signal has been resolved
by a curve fitting procedure using Gaussian/ Lorentzian fits.
BET surface areas were obtained using a Micromeritics Gem-
ini 2360 in a static volumetric method.
3. Results and Discussion
XRD analysis shown in Figure 1 indicated the presence
of peaks at 25.3◦, 36.1◦, 37.8◦, 39.2◦, 41.2◦, 44.0◦, 48.1◦,
54.2◦, 62.5◦, 69.0◦, 70.0◦ and 75.1◦ associated with the
anatase crystal plane (JCPDS card No 21-1272). These
peaks were observed on all TiO2 powders, NanoTiO2,
PC 500, Hombifine N, Altair and P25. TiO2 P25, how-
ever, showed peaks associated with rutile crystal plane at
27.4◦, 38.6◦ and 47.9◦ indicating the presence of anatase
and rutile mixture in P25 (JCPDS card no. 21-1276).
From the FHWM of 25.3◦ [101] peaks, the average
particle sizes were calculated using the Debye-Scherrer
equation and the values are given in Table 1. NanoTiO2
appeared as TiO2 with the smallest crystallite with an
estimated size of 8 nm meanwhile Altair TiO2 crystallite
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Figure 1. (a) X-ray diffraction pattern; and (b) ATR-FTIR
spectra of TiO2 with 0.3% Pd wt. loading following calcina-
tion in air at 500 ◦C; i. Altair; ii. Nano TiO2; iii. HombifineN,
iv. P25 and v. PC500.
size is the largest with an estimated value of 27 nm. The
surface area of the TiO2 following deposition with Pd
was also measured using N2 adsorption analysis. The
BET surface area analysis of the samples summarized
in Table 1 shows that the catalysts have a range of sur-
face area from 47 m2 g−1 for Altair to 101 m2 g−1 for
NanoTiO2.
The ATR-infrared analysis of TiO2 was illustrated
in Figure 1b revealed the presence of a functional
group that may affect the catalytic performance. The
characteristic peaks of absorbing hydroxyl stretching
vibrations appear at 3200 cm−1 and 1644 cm−1. The
hydroxyl adsorption bands indicate the presence of sur-
face hydroxyl as well as adsorbed water molecule on
the TiO2 surface. It is, however, difficult to distinguish
between surface hydroxyl and adsorbed water molecules
due to the infrared analysis that was carried out in
an open environment. The small peak that appeared at
1424 cm−1 corresponded to the vibrations of Ti-O-C that
may have originated from titanium precursor that con-
tained carbon during the synthesis or surface carbonate
species that were formed by adsorbed atmospheric CO2
on the TiO2 surface.24 A broad peak centred at 640 cm−1
is originating from Ti-O-Ti vibration attributed to the
presence of TiO2 framework.25
The TiO2 was also analyzed using XPS to investigate
the surface properties that may influence the discrep-
ancy of TiO2 photoactivity in hydrogen generation. The
XPS spectra of the TiO2 following deposition with Pd
and calcination in air at 500 ◦C in Figure 2a and 2b
showed peaks in the Ti 2p3/2 and O 1s regions at 459 eV
and 529.6 eV respectively, indicative of titania with Ti in
the 4+ oxidation state26 with Ti:O ratios in the range of
1:1.6 to 1:1.8 for all powders. The asymmetric O1s peak
observed on all samples imply the presence of more than
one state of oxygen and the spectra have been resolved
into three oxygen components. The most intense peak
appears at 529.6 eV, corresponding to oxygen in the
metal oxide,27 while the peak at 531.0 eV is character-
istic of surface hydroxyl groups, OH.28,29 A relatively
small peak at 532.8 can be attributed to adsorbed molec-
ular water. From the XPS analysis, we can determine the
density of surface hydroxyl groups on the TiO2 relative
to the total lattice oxygen, OH/O2− 30,31 and these data
are given in Table 1. Pd 3d signal was also observed on
the catalysts as shown in Figure 2c. The peak appeared
at 336.0 eV corresponded to PdO signal. There are no
significant differences in Pd binding energy between the
Pd/TiO2 catalysts.
The TiO2 deposited with 0.3% wt Pd was evaluated
for photocatalytic hydrogen production in the liquid
phase and gas phase reactions. The amount of hydrogen
produced from methanol-water mixtures within three
hours of reactions were shown in Figure 3. All catalysts
were active without apparent induction period for H2
production. Photocatalytic reaction in liquid phase con-
dition showed that Pd deposited on nanoTiO2 produced
a low volume of hydrogen with only ∼ 48 μmol of H2
Table 1. Structural properties of Pd/TiO2 catalysts measured by XRD, N2 adsorp-
tion and XPS analysis.
P25 NanoTiO2 PC 500 HombifineN Altair
Crystalline phase Rutile Anatase Anatase Anatase Anatase
Anatase
Size, nm 22 8 16 14 27
Surface area, m2/g 52 97 86 101 46
Rate of H2, μmol.s−1.m−2
Liquid 9.21 0.15 2.70 2.08 6.64
Gas 12.05 2.52 6.28 3.27 14.05
*Surface hydroxyl, OH/O2− 0.14 0.24 0.16 0.23 0.19
*Calculated from O1s XPS data.
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Figure 2. XPS analysis of TiO2 with 0.3% wt. Pd following
calcination at 500 ◦C for 3 h; (a) Ti2p XPS region, (b) Oxygen
1s photoelectron spectra with a curve fitted analysis of its
components at 529.6 eV for lattice oxygen, Ti-O; 531.5 eV
assigned for a surface hydroxyl group, Ti-OH; 533 eV for
an adsorbed water molecule, (c) Pd 3d XPS spectra of the
catalysts. (i. 0.3% Pd on P25 TiO2; ii. 3% Pd on PC500 TiO2;
iii. 3% Pd on P25 TiO2; iv. 3% Pd on HombifineN TiO2; v.
3% Pd on Nano TiO2).
Figure 3. Plot of H2 gas production from Pd/TiO2 catalysts
under UV region in (a) Liquid phase reaction condition; (b)
Gas phase reaction condition.
was produced in 3 h under UV light irradiation. The
hydrogen gas production was gradually increased from
nanoTiO2 < Hombifine N < PC 500 < Altair < P25;
with P25 appeared as the most active catalyst to give
∼ 279 μmol of H2 in 3 h. The photocatalytic reac-
tion was further attempted in the gas phase condition,
where the catalysts were mounted on the glass slide and
positioned above the methanol-water mixture to allow
interaction of the catalysts with water and methanol
vapors. Figure 3b showed the plot of hydrogen gas
production over irradiation time. The hydrogen volume
from all the Pd/TiO2 catalysts were higher than the reac-
tion carried out in the liquid phase. Altair and P25 TiO2
showed similar activity towards hydrogen production
contrary to the reaction in the liquid phase. Pd sup-
ported on PC500 TiO2 also showed enhanced activity
with ∼ 315 μmol of H2 produced within 3 h of reaction.
As observed in the liquid phase condition, the highest
surface area catalyst, NanoTiO2 is the least active cat-
alysts with ∼ 166 μmol of hydrogen produced in 3 h.
The rate of hydrogen evolution for all catalysts were
calculated and summarized in Table 1.
Photocatalytic hydrogen gas production from the
methanol-water mixture is an ideal way to produce
hydrogen from sustainable resources using energy from
sunlight. The reaction involves a stoichiometric reaction
between one mole of methanol with one mole of water
to form 3 mole of H2 gases and CO2.32
CH3OH(l) + H2O → CO2(g) + 3H2 (g) (1)
In this study, we showed that the rate of hydrogen
generation occurs at a significantly faster rate in the
gas phase condition, in comparison to the reaction in
the liquid phase condition. All the catalysts were more
active in the gas phase and almost double the amount
of hydrogen was produced in three hours, the exception
being P25 which showed only a 25% increase in rate.
The most likely explanation for this is that the vapor
pressure of methanol is relatively higher than water.33
This subsequently reduced water concentration in the
gas phase and enhanced methanol concentration and
adsorption on the surface of the catalyst. The presence of
methanol is crucial for initiating hydrogen gas evolution
with methanol adsorption/reaction on Pd/TiO2 can be a
rate-limiting step for the overall reaction. Methanol acts
as a hole scavenger to allow the electron to be used for
the generation of oxygen vacancies for water reduction.
Studies of water and methanol adsorption on the TiO2
surfaces by Wang et al., showed that CH3OH is strongly
adsorbed on the TiO2 surface in the gas phase condi-
tions.34 Shen et al., have demonstrated that methanol
decomposition occurs via proton transfer from methanol
to the oxygen bridging, Obr on TiO2 surfaces.35 The
presence of excess water molecules occupying the Obr
sites inhibited proton transfer and hence may explain
the slower hydrogen production rates in the liquid phase
condition. We also suggested that in the gas phase con-
dition, Pd/TiO2 catalysts have a direct exposure towards
light irradiation without attenuation that arises from cat-
alysts suspension as in liquid phase condition.10 This
may contribute to the efficiency of photon adsorption
by catalysts that affect the catalytic performance.
Understanding the influence of TiO2 on producing
hydrogen from the water-methanol mixture, it is impor-
tant to note that TiO2 itself is almost inactive for
catalyzing the reaction. Following the deposition of Pd
nanoparticles, the catalyst was immediately active in the
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liquid phase photo-reforming reaction. The high rates
of hydrogen production over P25 have been attributed
to the presence of the rutile component that provides
a sink for photogenerated electrons, thus improving
electron-hole separation.17,18,36 The synergistic effect
of rutile and anatase relies on the proximity between
rutile and anatase components.37 However, hydrogen
was also produced at a relatively rapid rate from the cat-
alysts that only consist of the anatase crystalline phase.
Altair, PC500 and HombifineN produced ∼ 150 μmol
in three hours which is approximately half the amount
produced from P25. NanoTiO2 on the other hand, which
possesses the second highest surface area of the sam-
ples, has a hydrogen production of only 43 μmol. The
activities of P25 and Altair in the gas phase are very
similar with around 350 μmol of hydrogen produced.
Since Altair has no rutile component, the advantage of
the presence of an anatase/rutile interface is called into
question.
Table 1 shows the physical structure of the materi-
als used in this study obtained from XRD, XPS and N2
adsorption analysis. After making a detailed observa-
tion on the surface area of the catalysts, we observed
that the rate of hydrogen production decreased on the
catalysts with a larger surface area. In general, higher
surface area catalysts would be associated with higher
activity but in this case, the opposite trend is apparent.
To gain further insight into the reasons for this behavior,
we correlated the average crystallite size of the catalysts
calculated from the XRD data with the specific activ-
ity of the catalysts (the rate of hydrogen evolution per
unit area). The specific activity of the catalysts were
determined by dividing the rate of hydrogen over the
area of the catalysts, in order to obtain a fair compar-
ison between the catalysts. Figure 4a shows the plot
of the specific activity of the catalyst over crystallite
size. Here the specific activity increased for larger parti-
cles; this effect is strong enough to dominate despite
the increased total number of sites available on the
smaller particles. Understanding the factors contributing
to the observation, we relate the activity of the cata-
lysts with the distance that the photogenerated electron
and hole have to travel to reach the surface of the cat-
alyst. Once initiated, the photogenerated electron-hole
pair must be separated to prevent recombination. Studies
on the dynamics of charge carrier trapping and recom-
bination on colloidal TiO2 with an average diameter of
∼ 6 nm revealed that the trapping of electron occurs a lot
faster than the trapping of hole.38 The recombination of
hole and electron however occurs at a much slower rate
than the trapping.38 Once the photogenerated hole was
trapped, the charge carrier recombination process occurs
at a much slower rate from picosecond to nanosecond.39
Figure 4. (a) Correlation between the rates of hydrogen
production with the crystallite size of the catalysts; (b) The
relationship between the rates of hydrogen production with
the surface hydroxyl density (OH/O2−) of TiO2 with 0.3%
Pd loading • reaction in the gas phase;  reaction in the liquid
phase.
With small particles, there is a confinement issue and
the probability of e− and h+ recombination increased as
particle size decreased.40 Furthermore, for smaller par-
ticle sizes there is also more surface available, where the
hole (h+) can be trapped by reaction with OH−(a) a pro-
cess that typically occurs on a timescale of 100 ps to 10
ns.41 The OH− which traps the holes can come from
surface bound water or the hydroxyl species present
on the TiO2 surface42,43 and form trapped hole states
and subsequently peroxo-titanium complexes.44 Both
the trapped hole states and the surface-bound peroxo-
titanium were identified as recombination centers for
charge carriers that decreased the efficiency of the pho-
toreaction. To examine whether this factor also affects
the present case, we have derived the surface hydroxyl
over lattice oxygen ratios, OH/O2− from the different
catalysts using the curve fitting of the O1s XPS data.
XPS is a surface sensitive catalysts and since catalytic
reaction often occurs on the surface, this represents the
active sites for trapping the photogenerated holes. We
must bear in mind that the change in surface area/bulk
ratio would necessarily also change the OH/O2− ratio
in XPS. Therefore, the relevant factor here is OH sur-
face density which represents by the OH/O2− ratios. It is
apparent that the specific activity of the catalysts showed
an indirect relationship with the surface hydroxyl/bulk
oxygen ratio as shown in Figure 4b. The observation
applies to both the gas and the liquid phase processes.
This suggests that the relationship between the activities
with the crystallite size in Figure 4 is a direct result of
the smaller nanoparticle size that consists of high level
of recombination centers and the electron-hole confine-
ment issue that determines the changes in reactivity with
size.
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4. Conclusions
All of the catalysts investigated were more active in the
gas phase and produced hydrogen in the presence of
Pd nanoparticles. The activity of the catalysts is related
to the size of the TiO2 crystallite, despite being ran-
domly obtained commercially. Although the catalysts
with smaller particles may allow for more rapid migra-
tion of the charge carriers to the surface, the rate of
charge recombination is also increased due to high level
of recombination sites and electron-hole confinement
issues.
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